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Abstract 
 
In recent years, Wireless Sensor Networks (WSNs) 
have emerged as a highly important research area 
because of the rapid advances in hardware, sensor 
and wireless networking technologies. These 
advances will also enable WSNs to become key to 
true ubiquitous computing systems in the near future. 
However, due to resource constraints and 
unreliability of wireless networks, efficient 
communication protocols for WSNs are needed. But, 
the majority of proposed communication protocols in 
WSNs are developed for specific networking layers 
based on traditional layered protocol architecture. 
Such protocols may successfully improve energy-
efficiency for each specific layer in WSNs 
communication but they are not linked together to 
fully optimizing the overall network performance 
while minimizing the energy consumption. Thus, it is 
essential to design a flexible communication protocol 
using cross-layer techniques which can significantly 
improve energy conservation for information 
dissemination in WSNs.  
 
1. Introduction 
 
1.1. Background 
 
Recent advances in hardware, sensor and wireless 
networking technologies are enabling a large-scale 
deployment of superior data acquisition systems with 
adjustable resolutions called Wireless Sensor 
Networks (WSNs). This set of miniature, low cost, 
low power radio devices with autonomous ad hoc 
connectivity, are collectively capable of sensing, data 
processing, communicating and monitoring our 
physical environment in unique ways through 
wireless communication eliminating the need for any 
human intervention [1]. These advances will enable 
WSNs become key to true ubiquitous computing 
systems in the near future. However, while many such 
systems have been proposed, their widespread use in 
the real world has been greatly limited due to energy 
constraints and the lack of flexible communication 
protocols to collect data efficiently.  
Unlike conventional ad-hoc communication 
networks, energy resources in WSNs are usually 
limited due to the cost and size constraints of sensor 
nodes. Therefore, efficient communication between 
different sensor nodes must be carefully designed in 
order to improve energy conservation. But, the 
majority of proposed communication protocols in 
WSNs are developed for specific networking layers 
based on traditional layered protocol architecture [2]. 
Such protocols may successfully improve energy-
efficiency for each specific layer in WSN 
communication but they are not linked together to 
fully optimizing the overall network performance 
while minimizing the energy consumption. Thus, it is 
essential to design a jointly-optimized communication 
protocol using cross-layer techniques which can 
significantly improve energy conservation in WSNs 
communication.     
 
1.2. Related Works 
 
The growing interest in cross-layer design for 
WSNs due to its potential to become alternative to 
inefficient traditional layered protocol architecture 
inspired some previous efforts for reviewing the 
methodologies, techniques and communication 
protocols for such a technical area [3][4]. Therefore, 
it is necessary to highlight the features that 
distinguish our paper from the related works. 
The goal of [3] is to make a comprehensive 
literature review of sound cross-layer protocols, 
protocol improvements, and design methodologies 
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based on the joint solutions of resource allocation 
optimization problems at different layers. The open 
research issues, possible research directions, 
shortcomings of cross-layer design techniques and 
precautionary guidelines are also discussed. The 
survey is a good introductory text for readers 
interested in cross-layer design for WSNs based on 
jointly-optimized approach. Although a number of  
WSN protocols with cross-layer principles are 
covered, the paper only classified these protocols in 
terms of interactions or modularity among physical, 
medium access control, routing and transport layers 
without considering other cross-layer interaction 
approaches e.g. direct communications, shared 
database, and new abstractions as categorized in [4].  
Our survey is more focused and can serve those who 
require deeper insight for designing different cross-
layer interaction approaches in WSNs. Moreover, our 
work reflects the current state of the art in cross-layer 
design for WSNs by including a comparative study of 
relevant projects. 
A survey of literature in the area of cross-layer 
design also has been done in [4]. This work has 
defined cross-layer design, discussed the basic types 
of cross-layer design, categorized cross-layer 
interaction implementation, and highlighted open 
challenges and new opportunities for cross-layer 
design. Such classification and information is helpful 
for a designer to select the appropriate approaches for 
his/her application. However, the paper only 
discussed cross-layer design related to cellular and 
ad-hoc networks but not WSNs. Our work is a 
dedicated study of cross-layer design specific to 
WSNs, describing the different approaches through 
comparison of recent relevant research projects.  
 
1.3. Structure 
 
The purpose of this paper is to present a 
comprehensive survey of literature focusing on sound 
cross-layer design for WSNs by taking stock of 
ongoing relevant research projects in this area, put 
that work in perspective, and consolidate the existing 
results and insights in the comparative study. This 
paper is part of ongoing research programme on 
cross-layer design for WSNs at Newcastle University.  
The paper is organized as follows. In Section 2, 
we outline state of the art on cross-layer design in 
WSNs by introducing relevant research projects. In 
Section 3, we compare the projects in terms of cross-
layer design factors and interaction approaches with a 
view to addressing the challenges they have 
encountered. Lastly, the general findings of our study 
with future research scope are discussed. 
 
2. State of the Art 
 
2.1. Overview 
 
During the past few years, researchers have 
expended much effort in designing and developing 
sound cross-layer communication protocols to 
improve energy conservation in WSNs. They have 
formed several specific research projects specifically 
to achieve this main objective. In this section, we 
provide a brief description of relevant research 
projects on cross-layer design for WSNs and 
summarize the details.  Projects include TinyCubus 
[5], NORDITE [6], ZebraNet [7], WSNs Cross-layer 
Protocol Suite [8], UW-ASNs [9], and Orchis [10]. 
We have also encountered other research projects 
which are irrelevant to our perspective but might be 
useful to explore in detail such as ColaNet [11], 
MobileMan [12], and COUGAR [13]. The rest of this 
section focuses our survey on various WSNs research 
projects on cross-layer design. 
 
2.2. TinyCubus 
 
TinyCubus is a flexible and adaptive cross-layer 
framework for WSNs implemented on top of TinyOS. 
Flexibility and adaptation are two major issues behind 
the design philosophy of TinyCubus. To achieve 
these, TinyCubus architecture is divided into three 
parts [5]: 
i. Tiny Cross-layer Framework  
Supports data sharing and other forms of 
interaction between components in order 
to achieve cross-layer optimizations 
ii. Tiny Configuration Engine  
Allows code to be distributed reliably and 
efficiently by taking into account the 
topology of sensors and their assigned 
functionality 
iii. Tiny Data Management Framework  
Allows the dynamic selection and 
adaptation of system and data 
management components 
The TinyCubus project claims that its flexible 
architecture allows it to be used in different 
environments, but in reality this is not always the 
case. Also, adaptation policies are static and 
scalability is still not good.  
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2.3. NORDITE 
 
NORDITE project focuses on cross-layer design 
optimization on short-range WSNs (CROPS) for 
energy-efficiency [6] involving all of five OSI layers 
in WSNs. Several different aspects of cross-layer 
design are studied, covering all the traditional layers 
and in addition hardware-oriented aspects focus on 
machine-machine communications in WSNs. This 
project will result in generic solutions that are useful 
in wide spectrum of applications. This project is 
funded by VINNOVA (Swedish Governmental 
Agency for Innovation Systems). 
 
2.4. ZebraNet 
 
ZebraNet is a mobile, wireless sensor network 
aimed at improving tracking technology via energy-
efficient tracking nodes and store-and-forward 
communication techniques. This project proposed 
Impala [7], a middleware system developed as part of 
ZebraNet project to act as a lightweight operating 
system and provide an interface for on-the-fly 
application adaptation in order to improve application 
performance, energy-efficiency, and robustness. It has 
been designed to encourage application simplicity, 
modularity, adaptability, and repairability. Although 
it uses cross-layer data, Impala does not have a 
generic, structured mechanism to share data, making 
it hard to extend. 
 
2.5. WSNs Cross-layer Protocol Suite 
 
This project focus on the collection of data from 
the sensors in the field for processing (the data 
gathering process), and aims to improve the energy 
efficiency of such a process. The following areas are 
investigated as a part of the cross-layer protocol suite 
for correlated data gathering in WSNs: 
i. MAC-Free Reading of Correlated WSNs  
ii. Distributed Source Coding in Sensor 
Networks  
iii. Energy-efficient Data Gathering in WSNs  
iv. Cross-Layer Module for WSNs 
This project proposed XLM [8], a complete 
unified cross-layering module, as the communication 
backbone of cross-layer protocol suite which melts 
common protocol layer functionalities into a cross-
layer module. The objective of this project is to 
develop a highly reliable communication with 
minimal energy consumption, adaptive 
communication decisions and local congestion 
avoidance.  
2.6. UW-ASNs 
 
This project [9] focuses on: 
i. Underwater Acoustic Sensor Network 
Architecture   
ii. Application Scenarios   
iii. Differences with Terrestrial Sensor 
Networks 
iv. Basics of Acoustic Propagation   
v. A Cross Layered Protocol Stack 
A Cross-layered protocol stack is proposed based 
on a modular design approach for Underwater 
Acoustic Sensor Networks (UW-ASNs) which 
combine power awareness and management, and 
promote cooperation among the sensor nodes. It also 
includes:  
i. Power Management plane  
This plane responsible for network 
functionalities aimed at minimizing the 
energy consumption 
ii. Localization plane  
This plane responsible for all 
functionalities that require coordination 
among sensors 
iii. Coordination plane  
This plane responsible for providing 
absolute or relative localization 
information to the sensor node 
 
2.7. Orchis 
 
This project uses a novel approach that detects 
deceptive data through considering the consistency 
requirements of data, and studies the relationship 
between the quality of data, the multi-hop 
communication and the energy-efficient design of 
networked sensor systems. It integrates the following 
four components in an Orchis prototype: 
i. Formal models for data consistency and data 
dynamics 
ii. APIs to manage the data consistency 
iii. Protocols to detect deceptive data and improve 
    the quality of collected data 
iv.Cross-layer protocols to support data 
consistency and filtering of deceptive data.  
Score [10], a sensor core framework is proposed 
to facilitate cross-layer design and maintain network 
component modularity in WSNs. To reduce protocol 
overhead, WSNs protocol layers are distributed and 
localized based on three basic interfaces as follows: 
i. Unified Neighbor Set Abstraction API 
ii. Cross-layer Interface 
iii. Cross-layer Coordination 
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Table 1 summarizes the projects reviewed in this 
paper.  
 
Table 1. WSN projects on cross-layer design 
 
Project 
Name 
Research Area Website 
TinyCubus 
[5] 
Cross-layer 
framework for 
WSNs. 
http://www.ipvs.uni-stuttgart.de/abteilungen/ 
vs/ forschung/projekte/tinycubus/start/ 
 
NORDITE 
[6] 
Cross-layer 
optimization in 
short-range WSNs 
(CROPS). 
http://www.ee.kth.se/commth/projects/ 
CROPS/ 
 
ZebraNet [7] Middleware 
system (Impala) 
uses cross-layer 
data.  
http://www.princeton.edu/~mrm/ 
zebranet.html 
WSNs 
Cross-layer 
Protocol 
Suite (CPS) 
[8] 
Cross-layer 
Module for WSNs. 
http://www.ece.gatech.edu/research/labs/ 
bwn/corr/ 
 
UW-ASNs 
[9] 
A Cross Layered 
Protocol Stack. 
http://www.ece.gatech.edu/research/labs/ 
bwn/UWASN/index.html 
Orchis  
[10] 
Consistency-
Driven Data 
Quality 
Maintenance in 
WSNs. 
http://mist.cs.wayne.edu/orchis.html 
 
3. Research Challenges 
 
3.1. Design Factors 
 
Much research have been carried out to enable 
efficient communication in WSNs based on 
traditional layered protocol architecture [2], but most 
solutions are not optimized to maximize the overall 
network performance while minimizing the energy 
consumption. Only a very small number of efficient 
cross-layer protocols have so far been designed to our 
knowledge. Thus, it is essential to design efficient 
cross-layer communication protocols to replace the 
existing traditional layered protocol architecture for 
WSNs. 
In order to design such an efficient communication 
protocol, several aspects need to be considered [3]: 
i. Modularity 
The modularity in communication 
protocol should be preserved or some 
degree of modularity should be kept to 
ensure the stability and manageability of 
the protocol architecture 
ii. System Enhancement  
It is important to ensure all dependencies 
between different layers should be 
considered in cross-layer design, so that 
further design improvements and 
innovation can be easily developed 
iii. Stability  
The interactions between different layers 
should be outlined in the cross-layer 
design to prevent design choices from 
negatively affecting the overall system 
performance and stability of protocol 
architecture  
iv. Robustness  
The property of the system to be able to 
absorb parameter uncertainties. If the 
modularity of cross-layer design is 
maintained, the robustness of such system 
should be high. 
All these cross-layer design requirements need to 
be balanced in order to create a more efficient 
communication protocol for WSNs. 
 
3.2. Interaction Approach 
 
The cross-layer interaction protocol is the most 
promising approach in WSNs to replace the strict-
layering of a traditional stack where communication 
takes place only between adjacent layers [14]. This is 
because traditional layered architecture is not 
practical for WSNs when comes to apply certain 
desirable optimizations. But, some caution is needed 
when engaging in cross-layer design because 
unintended cross-layer interactions will lead to 
spaghetti design [15].  
There are several approaches in cross-layer design, 
which can be classified as follows (Figure 1) [4]: 
i. Direct Communication of different layers 
This communication occurs in the stack 
through new interface.  
ii. A shared database across the layers 
All layers communicate only with the 
database, which is responsible for 
collecting the information and setting the 
parameters throughout the stack. 
iii. Completely new abstraction  
No more protocol layers. For example, a 
general graph structure instead of a stack. 
 
 
 
Figure 1. Cross layer design approaches [4] 
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The approach chosen for cross-layer design in WSNs 
needs to take into account the design requirements 
outlined above. 
 
3.3. Comparative Study and Summary 
 
This part of the paper will compare different 
current research design factors and interaction 
approaches of cross-layer communication protocols 
for WSN. Table 2 presents a comparison of different 
relevant research projects on cross-layer design for 
WSNs in terms of the cross-layer design factors and 
interaction approaches outlined previously with a 
view to addressing the challenges they have 
encountered.  
 
Table 2. Comparison of WSN projects 
 
Features Tiny 
Cubus 
[5] 
NORDITE  
 
[6] 
Zebra 
Net  
[7] 
WSNs 
CPS 
[8] 
UW-
ASNs 
[9] 
Orchis  
 
[10] 
Preserve 
Modularity 
 
Y 
 
Y 
 
Y 
 
N 
 
Y 
 
Y 
Ease of 
enhancement 
 
Y 
 
Y 
 
N 
 
N 
 
Y 
 
N 
Maintain 
Stability 
 
Y 
 
Y 
 
Y 
 
N 
 
Y 
 
Y 
Promote 
Robustness 
 
N 
 
N 
 
Y 
 
Y 
 
N 
 
Y 
Direct 
Communication 
 
Y 
 
Y 
 
Y 
 
N 
 
Y 
 
N 
Shared Database  
Y 
 
Y 
 
N 
 
N 
 
Y 
 
Y 
New Abstraction  
N 
 
N 
 
N 
 
Y 
 
N 
 
Y 
 
We have presented a comparison of WSN projects 
in Table 2, comparing the projects in terms of cross-
layer design factors and interaction approaches. Next, 
we summarize the challenges addressed by these 
different projects and suggested some solutions as 
follows: 
i. WSNs are heterogeneous and new 
applications and hardware platforms 
continuously evolve. Thus, a generic 
cross-layer framework has to be 
extensible and flexible to manage new 
applications requirements. 
ii. To determine the optimal way to combine 
all of these promising cross-layer design 
techniques and approaches in a given 
application in order to obtain the most 
efficient and longest-living WSNs 
solution, a standardization of different 
design of WSNs needs to be outlined. 
iii. WSN applications react differently to 
changes in their environment and they 
also have different optimization 
parameters. Therefore, the design 
framework must be able to adapt to these 
conditions and support optimizations due 
to resource limitations of WSNs. 
iv. To determine what further information 
should be passed between protocol 
layers. Thus, an efficient way to update 
information such as sharing abstraction is 
needed. 
v. Battery power is limited and the available 
bandwidth is severely limited. Therefore, 
need to identify which cross-layer design 
technique is suitable for different WSN 
applications that can maximize energy 
conservation.  
As we can see from the comparison table and 
challenges they encountered, enhancement and 
robustness are still the two most ignored features in 
cross-layer design for WSNs. Most of the projects 
also did not consider the new abstraction approach in 
cross-layer design for WSNs, most probably because 
it not preserve modularity which is the main factor for 
stability and robustness in WSN applications. 
Considering the future development and deployment 
of WSNs for sensitive applications, we should start 
thinking seriously about designing efficient, flexible 
and extensible cross-layer protocols for WSNs and at 
the same time come out with standards to support 
different cross-layer design techniques and 
approaches.  
 
4. Concluding Remarks 
 
In this paper we have outlined several design 
factors and interaction approaches in cross-layer 
design for information dissemination in WSNs. We 
then presented a comparative study of six different 
relevant research projects and challenges they 
encountered. From our study, we have found that 
although some challenges are addressed by most of 
the projects, some challenges are still hard to 
overcome due to the limitations and constraints of 
WSNs.  Much research needs to be done to design 
efficient, flexible and extensible cross-layer protocols 
and standardize cross-layer design. The cross-layer 
design for WSNs should not compromise the 
advantages of traditional layered network approach in 
order to overcome the challenges addressed in this 
paper in designing the smart cross-layer 
communication protocol for WSNs. 
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